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The tensile strength, the stFBss-to-~~~tilrs,charac~eriet~cs, and 
tlia modulus of elasticity of L$ sillimsnite refractory were investigated 
at various temperatures. The tensile.strength varied from a mintium 
of 8000 pounds per square inch at a tem2erature,.oZ 500' F to a max+m 
of 19,000 >ounds per sc@re inch at 18GO" F.' Pie strength -at 1950' F 
was approximately 15,000 hounds per quare inch. Heat-treatkg the 
tensile spectiens for one-hair" hour at 18CO" F &creased the tenej.le 
stren&h 35 percent at room teml,eratu&e end 76 percentat 5CC" F. No 
Lncrease in strength was noted at or above 1400° B, 

At a temperature of 1600° F, the loo-hour rupture strength~was 
9600 pounds 'i)er .sque,re‘ inch and the iOOO-ho-ur rlpture strength was 
8509 pounda per square inch. At 1800" F, the material withstood a 
stress of 6730 pounds per square inch for 19 ho&s. 

The modulus of elasticity, which was.deterrr,ined only at room tem- 
.perature, k%s 20.3 x 106 pounds Rer square inch and the material was 
elastic to the point of fracture. 

The density of the sillimanite refractory was 0.10 pound Rar cubic 
Inch or approximataiy one-third thai cI of high-temperature metal. alloys. 

. II'?TROIUCTIOR * 

I 

I . 

The development of.the gas turbine and the jet-grog-Lsion engine 
has instituted an intensive search for materials that ~Lll w$thstand 
the high stresses existing in rapidly rotating parts at the izi& gas 
temperatures necessary for efft-cient engtne operation. Sigh- 

-temperature strength toats.on metal alloys iM!.cate that uncooled 
. 

b 
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turbine blades for aircraft gas tur3ines may operats satisfautorily 
at t3mperatXras of approximately 1500' F. With cooling;, this tzm- 
porature fs considerably stiended but cooling requires an e*endlt.,iro 
of nowsr, increases the mechanical complexity of the engine, and may 
incur a heat loss. A matarial that will operate at tempsratmss in 
excess of 1500' F is therefore desirable. High-tem~eratmy3 relrcotc-ry 
materials have b33n suggested for gas-turbine ap&irztion (rsf3r- 
3nce 1). Inasmuch as the rotor blades of a turbine are subjncted to 
predominantly tensile stresses, howledge of the tensile properties 
of the blade material is essential for,the design of a gas turbine; 
Although some values of tensile strength of refractory materials at 
room temj?erature are'.agiven in reference- 2, a survey of the llteratza 
revealed that little~had been done to-detemir.e'theix teneilo- proge?A.es 
at 9le.~a~ed't~y;eratures. Most of the information on the m3chanlcal 
stkngtli of ceradca was ddncern3d with the v&luas'of the moduli ol . 
rapture.and elasticity determined from transverse banding t3sts (rcfer- 
ences 2 to 5): Reference 6, .however , .presents the rcsirlts of an 
investigation of'tensils proper",ies at elavatad t&pera+res of- 
aevsral'high &&n&ii refractory olcide camposltions.~ . . . 

j. .' 
Inasmuch as the infomnntion avaslable at the t:n;e of this invc& ' 

tigation was liaiite'd, a study X? the teqsihe.propert>es at IQ& tem- 
pei?ature~ of a: Ipromf8ing refractory material wa6 undertakenat the 
EACA Clevsland laboratory as a baa'rs for the de's$n'of a gas t:irbine 
Bith ceramic blades. ~Equi,@eht for testing ceramic materizils to . 
tgmperat.ures of 20OOo F was developed and a method was devLscd 'for' I 
evaluatiq the bendlng etrassee introduced by the, test equipment; 
Th,is pap&r presents the results of an tivestigation .of.tha tonsL.13 
strength of a sillimanito refractory at te-mperatures from 80" to' ' ..' 
X350? F. A few stress-to-rupture tests wer3 conducted at 14Co","- ' 
lEiC@O, 'and 1800" F; the:,modulua.of. elasticity was determined Lt room 
t&$erature. ' . . . . . . 

SPECIIIIENS ArD~APPAR4Tus 

!I!he test specimen (fig. 1) was 4.25 inches lor? wit-h a tost 
section approximately 1.25',inchos long and a general shape~sltilar to 
that suggested in referenee:..7, The specimens were pre$arcd by -tLd .:Y- 
Coors Porcelain Company froaL;a siil$manite ore and pro?&bl.ycozsistod 
largely Of mullite crystals '..(.3&.+*25,iO2) and fr& silLice' (SiC2) 
in the form of crlstobalite (reference 8). The fired piocca wore 
ground to finished dimens$ons by the manufacturer. The crlgina!. 
material had a smooth grayish-white aurfacs; but prolonged hcat:rg at 
i400" F or above, as in the stress-to-rupture tests, caused the surZacz 
to change to dark tan. Because the tensile strength of a cdrzmic 
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material may be a function of the cross-sectional area of the specimen 
tested (reference 2), a 0.5-inch-diameter test sectfon was chosen so 
the area would be itbout the same as the cross-sectional area of a 
proposed ceramic turbine blade. . ' 

Preliminary experiments were made wit+ gasketa of asbestos paper 
and woven asbestos cloth placed ori the ends of the test specimen to 
provide a uniform application o$ the load between the specimen.and the 
grips. A double thictiess of woven asbestos cloth (0.05-in. to-1 
thickness) was found to be most satisfactory.. A photograph of speci- 
mens with and without gaskets'is shown in figure 2. 

Sketches of the grips, which weremde of a heat.-resistant alloy, 
are shown in figure 3. The grips consisted of.three jaws that formed 
a split cone matching the.ends of the sped&n. The jaws were retained 
by a threaded twd-piece cylindrical collar. In order to reduce dis- 
tortion of the grips during high-temperature testing, they were ,so 
design& that the maxQnx~ stress was-limited to about one-fourth that 
of the test specimen. . 

The hydrauliC testing machine haa a.capcity of 120,000 pounds 
and an error of less than 0.8 percent over the test range of 3QO to . 
4coo p0unas: A sketch of the apparatus assembled in the heads of the 
testing machine is presented in figure 4. All critical surfaces of 
the tensile-test apparatus were machined to close tolerances. The 
distance between the heads of the testing machiue was made as great 
as Fssible to reduce the eccentricity of loading. Orjtical strain 
gages with a l-inch g-e length (fig. 5) were used to check the bend- 
ing stress and to determine the modulus of elasticity. The gage was 
caacble of indicating a strain of 0.000002 inch. 

A tubular furnace with‘s J-inch inside diameter was used for 
heating the specimen during testing. The over-all height of the fur- 
nace was 15 inches with a resistance wire-wound core 12 inches long. 
A preliminary survey of th& surface-+mperature &died made with 
three chromil-alirmel thermocouples at the ends and at the center of 
the test section indicated a maxY.mum temperature differential of 5O F 
at lSOO" F. The temperatures for all tests were controlled by a 
thermocouple at the center of the test section in conjunction with 
a self-balancing potentiometer and control device. Th6 temp3rzture 
indicated by this thermocouple was maintained tithzb3' F of the 
desired tempera-&rc. 

A sketch of the apparatus for the stress-to-rupture tests is 
shown in figure 6. The load on the tensile specimen was applied 
through the lever arm by weights placed on the end of the arm. The 
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samb~t~~e of furnace iznd-fmnaca control was used in the otross-to- 
rupture tests,asin the tonsile-strength tests. The 'time for faii.Are' 
was redorded by an.electric timer that automatically stij&dd when a 
specimen failed. ' - 

. . *. . . 
‘. 

TETING i?ROC~ 
: 

.I . . 

'Preliminary examinationand alinemeht check.for tensile-stren@h 
tests. - The~~diameter.of.epch spcimen was measured in three positions 
along the length of- the test section and in two plties.30o a~art~at 
each-position, The average of these six readings was tekon as the 
diam&er of the specimen. The angles an+ the concentriqity of the 
speeimen,were measured to determine whether the spe.cimens were war-?ed 

'. or bent. 'The specimens were X-rayed in two $anes 90° apart to' locate 
internal-flaws, cracks, or blowholes and each spec:@en was visually 
examine&for surface pits .or chips, No corrslation,,was appexen$, 
botween.%ensile strengthend flavs found in the preliminary cxsziih- 
ations. 

' ' The tensile-test apparatus (fig, 4) was first calibrated with a 
steel s?~ecimhn; the bending stress due to misalinement inherent in the 
a?paratua was'less than 1.5 percent of the average tensile stress up 
to 25,000 pounds per square.inch. This calibration is discussed in 
the ,a>pendix. In all tests of the ceramic sgocticns,,a bonding s&as 
less than 2 percent of the average tsnsile,.stress was considered satis- 
factory. The components of.the'apparatus wore markod &d the,.uarks 

"alinoh in the same vertical plane for each teat. me ap@ratus was 
assembled with a sillimanite specimen in place, a strciss of lGU0 pounda 
per square inch was.applied, and the whole assembly was tapped axially 
to seat and aline all the parts. Strain gages were affixed a2proxi- 
mately in the-plane of maximum benPing of the tensile-test apparatus 
'on oppoeite sides of the specimen test section, a&i shown in figure -5. 
'Increments of strain were.measured u? to a'streas of 3OOa pounds per 
square inch and the difference in elongation of"the tko sides was 
determined. From these. strain.values, thebending stress could..be' 
calculated from equation (2) in the.appendix:. When the, specimen was 
improperly alined, then stress was reduced to.1000 pounds ger square 
inch arid the assembly was again tapned axially. If the specimen was 
still misalined, ,the apparatus was disassembled and a new 'gasket was 
fitted to the specimen...When.the specimen was satisfactorily alineG, 
the stress was dropped to 1000 pounds per squiire,in.ch and tho 'strain 
gagee were removed. A chromel-alumel thermocouple was wired to the 
surface oip *he specimen-anti the furnace was lifted and centerad over 
the grips and the specimen; . 

. I, I 
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Tensile-strength tests. - The, stress of. 1000 pounds per square 
. inch wzs maintained while the temperature was increased. approximately 

13" F per minute until the test.temperature,,was reached. After 1 hour 
at the test temperature, the.load on the speci-men: was .increased approx- 
imately 4000 pounds per minute froti the initial ,load of.200, pounds (a 
stress of asproximately 1000 lb/sq in.) to the breaking load. The 
fracture was visually examined to determine the characteristics of the 
'break. . . I 

.. Stress-to-rupture tests; -; The'grips and loading Pods 'were .assem- 
bled with a oeramic specimen and placed inside the .furnace. The lever 
arm was supported,in an approximately horizontal position by a hydrau- 
lic jack and..the necessar?y weights wdre apylied to the end of the lever 
am. After the test temperature had been rezkhed and maintained for 
1 hour, the load Vas ~10~1~ applied to the specimen. 
was so adjusted that the lever arm was horizontal as 

':level. tie attempt was made to determine the bending 
tests. 

FGEXJLTS M%DDISCUSSION . 

The apparatus 
indicated by a 
stress in these 

. 

Tensile strengt 11. - The specimens 'were tested in two conditions, 
' "as received" and "heat-treated." The.arbitrary heat trea+aent son- 

slated in heating the specimens in an electriu-resistance furnace to 
1800° F at.an average rate of 15' F per mfnutej maizltaining the tczn- 
perature one-half hour, and then cooling the speciimens at the same 
average rate as heated. 

The results of the tests of specimew as received are shown in 
table I and of heat-treated specimens in table II. The fractures were 
examined as recmended in reference 6. A rough fracture is defined 
as one in which approximately 90 to.100 percent of the surface aT2ears 
to be granular; this type of break indicates that the entire area was 
subjected to tension and.the entire surface resisted it. A partly 
rough fracture is one in k%ich 50 to 90 percent of the s&ace is rou&; 
this type of fracture indicates that psrt of the specizen was subjected 
to shear. A smooth fracture ia one in which 0 to 50 percent of the 
surface is rough; this type of fracture occurred in only a few 
instances. In most tests at a given temperature, spoctiens tith rou& 
fractures had higher valuos of tensilo strength than those with partly 
rough or smooth breaks. A Thotogram of a rough and a partly rough 
break is shown in figure 7. 
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The variation of the average tensile strength with temperature 
of the specimens as received and heat-treated is shown in figure 8. 
The averages of the results obtained with the specimens as received 
indtcafie that the tensile strength decreases from 11,000 pounds per 
square inch at room temperature to 8000 pounds per square inch at 
500° F and'then increases to a maximum of 19,000 pounds per square 
Fnch at l&O0 F. 
per square inch'. 

At 1950' F, the strength decreases to 15,OOC pounds 
Eeat-treating the specin'cans at 1800' F raised the 

average strength 35 percent at room temperature and 70 percent at . 
500° F. 'When the,t.eet temperature was increased, the strength sad- 
ually decreased from its room-temperature value until it was.ap>rox- 
imately the same as that of the as received specimens at 14@C*'F; 'the 
strength of the heat-treated spec%mens was also'bpproxmtely the 
same as the as received s?eoimens at 18JOc F. The'heat treatment 
given the snecimens therefore resulted in an improvement in strength e 
0-y up to i400° F. The heat treatment also had a tendency to reduce' 
the..spread in 'the specimen tensile values as shown by the smaller, 
values of percentage average doviatlon from the mean. (See table-8 I. 
and II.), . 

The unusual variation of tensile strength with temperature and 
heat treatment may be due to a comb"mation of several factors. Ceramic 
materials undergo abase changes when heated or cooled with accompanying 
changes in volume. The chief constituents of the material are probably 
mullite and cristobalite. (See reference 8 for equflrbrium diagram of 
the system A1203. SiO2.) When crfstobalite is heated, it undargoos a 
phase inversion from:the CL to the p form'in the temperature range 
392' to 500' F with a 5-percent increase in volume (reference 9). 
Tosts on-a mullite brick (reference 10) revealed a change-in the rate 
.>f expansion in the temneraturo range of 100C" to 14000 F, .whioh may 
be indicative of a,,phaso change in th!-s constituent. These rhcso 
c?tangss may affect the average tensile strength of the material in 
two ways: The sudden increase in volme of the cristobalite at 530' F 
may mean that the cristobalite in the specimens eqands more rapidly 
than the mullito particles, thus creating internal stresses that would' 
reduce the test value of tensile strength; and the crJetals of the 
material may be'strongest when in one particular phase. In add:tion, 
it is known that grinding often introduoes high surface strossss in 
metals and, because tho.specimens had buen ground, residual stresses . 
may have remained in tho surface of this material as received. The 
heat treatment might relieve ,those stresses and, in addition, might , 
tend to "heal" minute cracks in the surface and thus add to ths 
strength of the material.. (See reference 11.). 
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Modulus of elasticity. ~'The~stres&strain curve determined at 
roomte~~erature for a specimen as reoeivsd is plotted in figure 9 

* and indicateathat the material is elastic up'to'the point of. fracture; 
that i.s, .the material exhibited no plasticity at'rcom temperature. In 
th<s test, the load.was increased from lOC0 to 8000 pounds per'square 
inch and then reduced to 1009 pounds per square inch. StraLn measure- 

'.ments indicated'no oermanent set in the speck-men. Tne load was t&en 
. raised.% increments to obtafn the stress-strain. relation and the total 

.Jelongation.at 8OOWLpaunds per square .%nch was 'the same.85 previous'~ 
determfned. The curves indicate that a bending stress~less than 
2.0 percent of the average tensile stress sxisted, (See a32endix for 
method of calculation.) At room temperature the modulus of elasticity 
of.the material,. considersd'as.the average of the. slopes of the two 

- curves "Ln.figure 9;is'20.3 X lo6 pounds per squsrs inch. 
: 

Stress-to-rupture strength. - The rneults of the stress-to-rupture 
'3 tests are sumrXzsd in table 11X.. The material withstood a stress of 

6709 pounds per square; inch-fo r apyro-x%cately 19 hours at h300° F. At 
1600' F, the stress-to-rLpture strength for'100 hours was'.9600 hounds 
Der square inch and the value for lOOO.hoUrs, obtalnsd by linear 
extrapolation on a log-log plot, Is alsr;roximately 9500 pounds per 

-square fnc-h; The.stress-to-ru~tuY~tes~ at 14OOo $ was c&nducted by 
first applying a load.oP.G?SO sounds per square inch for appro-&mately 
503 hours. The load was incrsaaed in increments until the spec%n 
failed,after 251 hours at 9600 pounds psr square,-lnch.: The.te6-i; at 

. . I. _ 14W3 F was conducted in this.nanrier because, of insuff%tiient spectiens. 
For this reason, no check points:at .169@ F and.15DOc F r,-ere.ob%afJed. 

Strength-dsnsity ratio. - The centrifugal stress in a rotating 
obaect, such as a turbine blade. or rotor, varies aFrectly with fts 
den5it.y. The more dense the material, the greater its tensile strength 

:' will have to be.to support %he.load at a g$v.ea'speed; .The density of 
tie at h'.gh -temp&cature'metals is approximately 0.30. pound,=per.:c?abic inch 
whereas that of the sillimanite specimens was 0.U ~x>und.~er.cu'~ic inch. 
For the same strength-donsity..ratio, a m9+2l must have thres~timcs the 
strength of the sillWanita refractory or &tensile strength of . 
55,000 pounds per square inch at lXK~o~,F.and 43,OOO'pounds ser square 
Inch at 1950" F . The equivalent 'stress-to-rupture strength at 1600' F 
iu a high-teqerature metal would 39 approximately..29,WC hounds Fr 
square inch for 100 hours cr 25,5G@ pounds per squareinch for 
1OSO hours. The best high-temperature metals ava:',lable at pre~cnt 
will withstand from 15,000 to 2?;OoCO pounds 2er square~Inch.for 
1~000 hours at 1600O.F.: (Seefig. 29 of referents 12, p. 54,) 

. . : -. !' 



.: 
SUNbIARY OF RESULTS 

39-m tensile, strength, the stress-to-rupture characteristics, and 
the modulus of elastlc1ty of 2 silliuanitcs refractory w&e investi3atad 
at various temseratured with the following results: 

1. The'tensile strength of the sillimanite refractory varied from 
8000 pounas per equare inch at a teqerature of 500° F. to 19,GCQ pcundo 
per.&uare An& at 18OOc F and decreased to 15,000 2ounds per square 
inch at 1950' l?. 

2. Heat-treating the materiial for one-half hour at MOO0 F 
increased the tensile strength 35 percent at room tempcrkturo and 
70 -percent at 5CO" F. No increase in strength was noted 4-b tempera- 
ture$ greater than 1400' F; 

-3. The stress-to-rupture strength at 1600° F was 9600 Rounds par 
square inch for 100 hcurs.and 8530 pounds per square inch for 
X00 hum-s. At 1800° F, the material failed after 19 hours at 
6700 pounds per square inch. 

4, The density cf the material is 0.10 Round Rer cubic inch or 
roughly one-third that of most high-temperature metals, 

5. The modulus of elasticity of the material at room temymture 
was dototined,to be 20.3 x LO6 pounds per square in& and the matorial 
was elast-tc tc t@e point of fracture, 

CONCWSIOhS . 

, 

For the same strength-density rat:0 as the sillimanite refractory, 
a high-temperature metal must have an ulttmate tensile strength of 
55,500 pounds per square inch au 
inch at 1950' F, 

+ 1900° F and 43,030 Rx%!3 Rer sqxaro 
The equivalent stress-to-x@lrz str'inqth at 163L)o F 

in a high-temperature metal would be ZS,SCC sunds 5-r F~GX inch for 
100 hours or 25,500 pounds par square in& for XX. kc?.x. Those 
values indicate that sfllbanSte has sufficient st:*cn$k to we.rxnt 
furtkz consideration for application to u1rcraft gas-turbine blaZng. . 

Aircraft Engine Rcseerch Laboratory, 
National Advisory Comanittes for Aeronautics, 

Cieveland, @hio, July 10, 1946. 
. 
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Equations for Ben&ing and Modulus 3f Elasticity 

E a load P is 
applied with an ecccn- 
tricity A to a tenslle- 
test specimen, as &own 
in the aczomganyir;g sketch, 
the average tensile stress 
St rnzy be suseqosed on 
the bending stress Sb, 
caused by tho eccentricity, 
t? g:vo the distribution 
of fiber atresses as shown. 

I , The stras60s in the outer- 
most fibera S1 and s2 
are proportional to t2;o 
strains cl mid. e2 in 
tbxe outermoot fztbars or 

%=St+% 
WY &‘=St -sb Where E is the modulus of 

elasticity. 
I 
I . 

.Ldd~&n of these two equations will eliminate Sb and ,tield 

Subtraction of the two equations and substitution fey E wt-11 give 

(<I - $4 
‘b = ‘t -+ (2) 

from tiich the bending stress may be calculated. 
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Bending Stress in Apparatus 

In order to determine the bending stress and mfsalinement inherent 
in the tensile-test apparatus, a specim3n of tool steel was machi,nod to 
the shape of the ceramic specimen. The steel piece was assembled in 
tine grips without a gasket. The strain ga;:es were affixed to the 
specimen and values of strain on opposite sides were measured with 
increasing and decreasing load to a maximum stress of 25,OOQ pounds 
per square inch. The strain gages were rotated 9C" and tho proccduzo 
was repeated. From these measurements, the maximum bending stress and 
the position of the plane of maaximum bendizy?; of the Lest app~ai~atus 
were detaxmined for an.assmed sinusoidal distribution of stress around 
the circumference of the apoc3.men toot so&ion. This maximm bendtw 
stress was found to be about 1.5 percent of the average %ens:lc s-t-rosa. 
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TABLE II -TENSILETESTSOFHEAT-TREKCEDSPEC= 
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I 34 
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&km- (Lb) strength 
eter (lb/sq In.) 
(in.) e -- 

I- 
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.4959 2410 12,480 
.4982 2170 11,130 
.4987 2400 12,293 
.4973 2416 12,440 

I 
0.4998 2350 

I 
11,980 

.4998 2265 11,540 
0.4962 13555 12,380 

Average 
t3nBi13 

(l:~:!Z) 

> 
L3,&90 

13,580 

r 12,273 

.J 
18,380 

J--l- . (parcent) (a) 
frm mean fractme' 

R 
f4.8 R 

R 

‘i R 
**6.7 R 

R , 

qhc significance of the letters describing the fractures are: 
R Rough, 90-100 percent rou&. 
IR Partly r3u&, 50-90 percent rough. 
S Smooth, C-50 percent r~~gk. 

bPin hole in smooth part of bred-c. 

CBrok3 in grip section. 

Natiana7-. A&vdso~ Committee 
for Aeronautics 
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NACA TN No. I165 

25” 

Fig. I 

At any cross section, 
concentricity within 

&O.OO I inch. 

NATIONAL ADVISORY 
COMMITTEE FOR AERONAUTICS 

Figure I. - Sketch of ceramic tensile specimen. 



NACA TN No. I165 Fig. 2 

. 

. 

Figure 2. - SI I limanite refractory tensile-test specfmens 
with and without gaskets. 
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Collar 
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. NATIONAL ADVISORY 
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Figure 3. - Sketch of tensfle-test grip. 
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Fig. 4 

Upper head of math I ne 

. 

Loadlng rod, 

NATlONAL ADVl!ZORY 
COMITTEE FOR &ERONAlJTICS 

Lower head of machtne 

l!ezz 

NACA TN No. 

/- 

Asbestos sheet to pm- 
wmt convectlon losses 

/ 

\-Asbestos sheet 

1165 

Figure 4. - Sketch of apparatus for tensile tests of ceramic materials. 



NACA TN No. I165 
I 

Fig. 5 

Figure 5. - Optical strain g 
al inement check. 
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- 

ag es afflxed to specimen during 
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Figure 6. - Sketch of apparatus for stress-to-rupture tests of ceramic materlala. 
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NACA TN No. f 165 Fig. 7 
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Figure 7. - Typical fractures of sillimanite tens1 
specimens. 
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NACA TN No. II65 Fig. 8 
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Heat-t mated Heat-t mated 
As As recefved received . . 

Each Each point point Is the average vmlue Is the average vmlue 

0 0 200 200 400 400 600 600 mo mo 1000 IO00 1200 1440 1440 I000 I000 2wo 2wo 
Test temperature, OF Test temperature, OF 

Figure 8. - Variation of tensile strength of silllmanite 
refractory with temperature. 



Fig. 9 NACA TN No. 1165 

Figure 9. - Stress-strain curve for as received sil Iimanite 
ref racto r at room temperature. 
20.3 x IO 8 
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